An instrument for measurement of face specific growth kinetics of crystals growing in a solution is developed and applied to crystallization of sodium nitrate (NaNO3) and potassium dihydrogen phosphate (KH2PO4, KDP). The device consists of three major components, a stereovision imaging system that captures in real-time the size change in each face direction of the crystal, an ATR-FTIR probe measuring solution concentration and supersaturation, and a small purpose-designed crystallizer that allows a crystal to be fixed in the solution and adequate solution mixing so the concentration measured can reflect the solution concentration near the surfaces of the crystal. The growth rates of all independent faces of NaNO3 and KDP crystals were derived at each time interval. For the NaNO3 crystal, growth rates in the temperature range of 298.15 ~ 318.15 K and supersaturation range of 0.01 ~ 0.11 were measured, enabling a systematic kinetic study. For the KDP crystal, the growth rates were measured just to show the capability of the system in handling crystals with different morphologies.
Introduction
Crystal morphology can have a major impact on subsequent processing of crystals after crystallization such as in filtration and drying. It may also affect such properties as flowability, bulk density, drug solubility and bioavailability. Therefore engineering crystal shape and crystal shape distribution (CShD) is an important direction of research in solution crystallization 1, 2 . Advances in measurement, modeling and closed-loop control of crystal shape and CShD is recently reviewed. 3 Crystal morphology can be manipulated by the type of solvents used in crystallization, crystal growth modifiers (impurities), and other operating conditions including supersaturation and stirring and mixing. An instrument that can be used to measure face specific growth rate and growth kinetics can be a useful tool in selection of solvents and in understanding the impact of crystal growth modifiers and impurities on crystal growth. They are also essential in modeling and simulation using morphological population balance models of the growth behavior for a population of crystals in a crystallization process. [4] [5] [6] [7] This paper describes a novel design of instrument for measuring the face specific growth rates and growth kinetics. It consists of a flowcell with a u-tube, a peristaltic pump, two thermostatic water-circulator baths with two jacket beakers and two magnetic stirrers, and a 3D imaging system and an ATR-FTIR probe. In the following, relevant previous work will be firstly reviewed, then the instrument configuration and methodology will be described in detail, followed by results and discussion section and the conclusions.
Previous work
Previous work on measurement of crystal growth kinetics will be reviewed according to the hydrodynamic conditions under which seed crystals are grown, how seed crystals are mounted, and the instrument that measures the crystal growth.
Some previous studies were carried out using growth cells where the solution remains static without mixing or flow. [8] [9] [10] Such simple configuration can be achieved using a thermostatic water bath or hot-stage. Supersaturation is controlled via manipulation of solution temperature. Apparently, solute around a seed crystal would be consumed as a result of crystal growth, causing the generation of concentration gradient around the seed crystal. Agitation can be set around the seed crystal for the maintenance of a homogeneous solution condition, i.e. supersaturation in some cases. However, this would bring a complicated flow field around the crystal, hence making it difficult to analyze the effect of solution flow on the growth of the seed crystal. 11 Some other work utilized pipelines to construct solution circulation system with mechanical agitation or a peristaltic pump to provide. [12] [13] [14] [15] A seed crystal was fixed onto one of the pipelines, around which the solution was generally set as laminar flow. This then made it possible to set an angle between certain crystal face and the solution flow. The influence of solution flow on the growth of seed crystals could be easily analyzed.
The seed crystal needs to be mounted, otherwise the measuring device has to move synchronously with the moving and/or rotating seed crystal, which is difficult to achieve. In literature, three methods for mounting a crystal were reported: gluing with an adhesive, fixing with external energy or force, and absorbing on a certain surface. In the first method, a solvent-proof adhesive was coated on the tip of a thin glass stick or metal wire, e.g. platinum wire, stainless steel wire, with the seed crystal sticking on it. [16] [17] [18] The seed crystal size would not be a factor to limit the application of this method. But impurity may be introduced in the system, which may influence the underlying growth mechanism and thus growth rate of the seed crystal. In the second method, a crystal was mounted with external energy or force. Several approaches were reported. One approach is that a hot metal wire was contacted with or penetrated into the seed crystal, with the later partially melted and then crystallized and fixed on the metal wire when cooling down. 15 Crystals with low melting point as well as a stable crystal form are suitable for this method as the seed crystals may not be easily changed under the high temperature of the hot metal wire. However, the seed crystals may undertake severe deformation during the melting process, which could change the crystal size and shape. In another approach the seed crystal was pierced with an extremely thin jet of water 12 or other device 13 , and then a platinum wire or string was passed through the resulting hole. Afterwards the crystal was grown for a short time period in order to fix it on the wire. Though impurity uptake can be avoided, this approach is not suitable for fragile crystals. Special clamp could also be designed to hold the seed crystal. 14 However, the clamp itself could block the vision of the microscope and bring pressure for the seed crystal which can affect the crystal growth. In the third approach, crystals absorbed on the wall of the growth cell in a spontaneous nucleation process were taken as seed crystals. 19 With no impurity uptake and no crystal shape destruction, this method seems to be ideal, but the position of absorbed crystals is decided by the nucleation process, which cannot be pre-set and manually changed.
Success largely depends on the probability of nucleation and the capacity of the nucleus adsorption on the vessel wall in the spontaneously nucleation process. Promising improvement of this method may be achieved by certain modification of the growth cell wall to increase the probability of nucleation on the modified site, which may be a doping of another material or change of the nanostructure of certain site on the wall surface. As we all know, surface plays an important role in heterogeneous nucleation, which enables rational design of growth cell surfaces for controlling nucleation from solution. 20 Measurement of single crystal growth can be classified according to the technique being offline or online. An offline method typically measures the size and weight of seed crystals at the beginning and end of the experiment, then average growth rate can be extracted. 15 If the growing process is nonlinear or follows certain pattern, the off-line technique can give errors in estimation. Also, crystal sizes may change slightly in the drying process after the experiment attribute to the hygroscopicity of the crystal or mechanical damage, leading to errors in the measurement of actual crystal sizes. Online measurement provides more detailed information of crystal growing processes. An analytical balance was once used to measure weight change of a seed crystal during the growing process with the seed crystal being hanged on the balance with a string. [11] [12] Agitation was stopped temporarily when measuring the weight of the seed crystal with the solution buoyancy being reckoned. Mass growth rate of the seed crystal can be obtained in this method, but face specific growth rate cannot. Most widely used device for the online measurement of single crystal growth rate is microscope along with a CCD camera. 8, [13] [14] 18 A transparent optical window was set through which the microscope along with the CCD camera could observe and record the images of seed crystals in real time. But this method also has its limitations, that is, only a certain crystal face can be measured at a time and this face has to be parallel to the focusing plane of the camera. Other online measuring devices like Moire phase shift interferometry, 17 laser interferometry, 21 Michelson interferometer, 16 and model identification approach 22 were also applied in investigations of crystal growth rates and kinetics. Van Driessche et al. 23 provided an excellent review of measurement techniques of crystal growth kinetics before 2008.
The major difference of the current design of a device for measuring crystal growth kinetics is that here stereovision imaging technique is used that allows the growth rates of all individual crystal faces to be simultaneously measured. The stereovision imaging idea was proposed by Wang et al. 24 and tested by Ma et al. 1 and Zhang et al. 25 in proof-of-concept studies. The Stereovision NI imaging system was developed by Pharmavision (www.pharmavision-ltd.com). The new device builds on previous work reviewed, has given detailed considerations in crystal mounting, mixing and flow.
For 1D (needles) and 2D (thin plates) single crystals, their growth kinetics can be measured by a single CCD camera providing that the crystals are parallel to the image plane of the camera. In order to demonstrate the merits of the proposed device and methodology, i.e. growth kinetics of all characteristic faces can be measured simultaneously, a 3D crystal (with at least three crystallographic independent faces) is preferred for a case study.
The selected case study chemicals for crystallization are sodium nitrate and potassium dihydrogen phosphate (KDP) with the former discussed in more detail than the later. A valuable study on the growth behavior of sodium nitrate crystals was reported by Benages-Vilau et al. 26 , though they only examined growth rates of NaNO3 (104) With up to 5 captured frames per second, the system can meet the needs of general crystal growth measurement. To achieve an accurate measurement requires that at least certain number of, say, 5 frames were captured during the whole growing process. With the current selection of cameras (with a view of 3 × 2.4 mm 2 ) and seed crystals (1.0 × 1.0 × 0.5 mm 3 ), the system will be accurate if the growth rate of each face does not exceed 700 m/s. If the system is still not accurate for a certain crystal, the cameras can be replaced by high speed cameras that capture several dozen frames per sec.
The solution
The solute mass needed is decided by the solubility and concentration ranges to be examined, as well as the number of experiments to be performed. The volumes of the flowcell and solution reservoir (jacket beaker) are 30 ml and 250 ml, respectively. Accounting for the volume of the silicone pipe used, solution needed for a single experiment is about 290 ml. And solution with higher concentration can be obtained by adding the required amount of solute to the solution used in former experiment as the solute depletion caused by seed crystal growth is quite small and can be neglected.
In this way, the solute depletion during the whole experiment will be reduced to the minimum.
Furthermore, the volume of the solution reservoir can be adjusted by simply replacing the jacket beaker. Of course, more solution is preferred to minimize the influence of seed crystal growth on solution concentration.
If only the silicone pad and pipe and the adhesive used in mounting of the seed crystals do not dissolve in the solution, the system is applicable for any solubility system and solvent.
The adhesive
The seed crystal mustn't react with or dissolve in the adhesive used. For example, AIBN (2, 2-azobisisobutyronitrile) crystals, often used as a foamer in plastics and rubber and as a radical initiator, is soluble in the two-component epoxy adhesive used in this study. So, other mounting method or suitable adhesive should be used.
Temperature range
The silicone pad and pipe used in the system can work with a temperature range of 263.15 ~ 423.15 K. So the device should be operated within this solution temperature range. Otherwise, the parts of the device mentioned above should be replaced with better temperature resistant materials.
Ambient temperature is better not to exceed the solution temperature by 5 K, because, otherwise, fog droplets will form on the surface of the flowcell due to the humidity of the environment, hence blurring the view of the CCD cameras. And a purging system (e.g. N2) is needed to dry out the flowcell wall.
Number of experiments
The number of experiments needed to study a system is not fixed. It depends on the temperature and supersaturation ranges. In the NaNO3 case study, 62 successful experiments at 27 conditions were carried out. As a general rule, it is better to have at least five data points to fit a curve. 
Concentration Model
An attenuated total reflectance-Fourier transform infrared (ATR-FTIR) instrument, ReactIR 15
from Mettler-Toledo Ltd., was employed to monitor the NaNO3 solution concentration in real time.
The system was set to record the average value of 125 spectra every 30 s. Calibration experiments were carried out to collect data for predictive model development in advance. Partial least square regression (PLS) 5, 32 was used to construct the predictive model of solution concentration. The data was randomly divided into two sets, the training dataset (91 spectra) for calibration model development and the test dataset (12 spectra) for model verification, which are illustrated in Table 1 as grey cells and cells with letter "v", respectively. using PLS models is 0.00307 g/g, which is at an acceptable level for this work.
Procedure

Preparation and Mounting of Seed Crystals
Mounting a seed crystal is another key step which distinguishes the design from previous work without solution flow. [8] [9] [10] NaNO3 seed crystals were grown by natural cooling of a saturated solution in a Petri dish at about 293 K, which takes half an hour. Crystals less than 1.0 × 1.0 × 0.5 mm 3 were picked up with tweezers onto a filter paper and the solution on the crystal surface were absorbed with a handkerchief paper, then dried and stored in a 323.15 K drying oven. The best ones were glued on the tip of a nichrome wire (diameter 0.3mm) on the crystal holder with a two-component transparent epoxy adhesive under an Olympus BX51 Microscope. This will ensure that the crystal was properly mounted on the crystal holder. Figure 3 is an illustration of the orientation of the mounted NaNO3 crystal in the flowcell. The rhombohedral shape of the seed crystal makes it impossible to have, concurrently, a face completely parallel to the solution flow and the other one perpendicular to it. But for the convenience of 3D imaging system observation and simplicity of the NaNO3 crystal growth hydrodynamics, the seed crystals were mounted in such a way that the (104) face parallels to the flow direction. Thus the and faces form an angle of approximately 86˚ and 13˚ with respect to the solution flow direction, respectively, as shown in Figure 3 .
Batch Experiments
For each batch experiment, the required amount of sodium nitrate and deionized water were weighted to prepare about 370g solution which was then poured into the solution reservoir ( Figure 1) with a magnetic stirrer operating at a speed of 100 rpm. With the rotation rate of the peristaltic pump 
where a = 54.5 mm. With the reconstructed 3D coordinates, the crystal shape, size and their evolution, hence face specific growth rates, can be calculated. Figure 4 is the equilibrium morphology of NaNO3 predicted by Benegas-Vilau, 39 which is also obtained in this study. The six faces of a rhombohedral NaNO3 crystal can be classified to three groups of crystallographically equivalent faces, i.e. two , two and two faces.
The normal distance from the crystal center to each individual crystal face can be calculated as follows.
(3A)
where r cαs cαs cαs cαs cαs cαs (4) and the value of , and ( Figure 4 ) are 90.57º, 102.72º and 102.72º, respectively, following
Benegas-Vilau's work. 39 Take point B(X, Y, Z) and E(X0, Y0, Z0) as an example, the distance between two points in 3D space can be expressed as
and can be calculated in the same way.
Results and Discussions
In order to investigate the dependence of face specific growth rates of individual NaNO3 crystal 
Calculation of Relative Supersaturation
For electrolyte solutions, the supersaturation expressed by commonly used expressions, i.e., based on the calculation from solution concentrations, may incur errors in obtaining the relationships of supersaturation and crystal growth rates. Therefore, it is necessary to incorporate the number of ions, into which a molecule dissociates, in the expressions of supersaturation.
40-41
The supersaturation of the solution is defined as:
where is the solution ionic activity of the batch experiment and is the activity of the solution at equilibrium or saturated status at the corresponding temperature. The numerator of Eq. 6
contains the actual value of NaNO3 concentration in terms of molality. Solution activity is obtained through the calculation of mean activity coefficient, which is based on the work of Archer. 42 The software PhreeqC that uses Pitzer equations 43 to estimate the activity coefficients could have been used , but in Archer´s paper 44 , it was stated that Pitzer's equations for the excess Gibbs energy per kg of water, which characterizes interactions amongst ions and solvent, occasionally give unsatisfactory representation of experimental data. So Archer provided an alternative which is a modification of Pitzer's equation, and applied it in several systems, e.g. NaBr+H2O 44 , NaCl+H2O 45 , NaNO3+ H2O 46 . It was found by Archer that the modified Pitzer's equations fitted well with experimental data. As a result, in this study for the NaNO3+ H2O system, Archer´s modified
Pitzer models, instead of Pitzer's equations, were used.
The mean activity coefficient is calculated as a function of the solution ionic strength and its molality at the temperature of interest. The parameters used in the calculation are obtained by performing spline interpolation to the parameters between 273.15 K and 373.15 K as given in Archer's paper.
42
Supersaturations calculated by Eq. 6 and traditional expression C C C , where C is the solution concentration and C is the saturated solution concentration at the corresponding temperature, are both listed in Table 2 for comparison purpose.
It can be seen from Table 2 that supersaturation calculated by Eq. 6 is temperature-dependent, which is totally different from the traditional expression. It means that the same supersaturation from traditional expression differs slightly when Eq. 6 is applied at different temperatures. The slight differences may be ignored in some cases that do not need so accurate supersaturation values, hence their arithmetic mean values can be used as the batch experiments were initially designed to use the traditional supersaturation expression. However, when the supersaturation was used in the relationships with growth rates, the accurate values were applied.
3D Reconstruction and Estimation of Face Specific Growth Rates
With the left and right camera of the 3D imaging system, images of the growing seed crystal can be taken from two different directions, simultaneously. Typical image pairs obtained from a batch experiment (T: 298.15 ± 0.30 K; C: 0.94 ± 0.01 g/g; : 0.03067) are shown in Figure 5 . The growth tendency of the seed crystal over time is quite clear. Rough surface covered the seed crystal at the initial stage due to mechanical damage or adhesive contamination in the drying and mounting processes, but it was gradually recovered to smooth surface during the process of crystal growth.
The temperature, concentration and supersaturation curves of the same experiment are shown in The normal distance evolution of three individual faces of a NaNO3 crystal during the batch experiment is presented in Figure 9A with the corresponding linear fitting results as 
Effect of Mounting of Seed Crystals
The mounting of a seed crystal will inevitably insulate the mounted crystal face from the solution to some extent, hence affecting the growth of the mounted crystal face. The extent of insulation depends on the contact area of the mounted crystal face with the crystal holder, i.e. the nichrome wire and glue. In some cases, the contact area was small and only a small part of the mounted face was occupied by the nichrome wire (Figure 10 ), hence the mounted face grew well. While in some other cases, the contact area was large and the nichrome wire occupied the whole mounted face, which resulted in no growth of the mounted face at all. In either case, the growth of the two faces, i.e.
the mounted and the opposite side were not equal even though they are crystallography equivalent faces. Of course, the influence of the hydrodynamic conditions should not be ignored either. The face opposite to the mounted side faced the coming solution flow and had a higher efficiency of mass transfer, resulting in a relatively higher rate of growth unit attaching on the crystal surface, hence a higher growth rate. While the mounted face was back on to the solution flow, causing inefficient mass transfer and a relatively lower growth rate.
In order to estimate the influence of the mounted crystal holder as well as hydrodynamic conditions on the growth of the seed crystal, a growth rate ratio is defined as follows (8) where L0 is the length of crystal edge of face and on the seed crystal, which can be seen on a grown up seed crystal in Figure 5 ; L1 and L2 indicate the distance between the seed crystal center and the mounted side and the opposite side, respectively ( Figure 10 ). The growth rate ratio indicates the ratio between the growth of the mounted face and the opposite crystal face. As we know, the proportions between the same two lengths are equal in a real crystal and their 2D
projections. Therefore, the growth rate ratio defined in 2D images of crystals can truly represent the growth rate inequality of the real crystals.
Of all the 62 successful experiments, crystals for 34 batch experiments with clear boundaries between the rough face of the seed crystals and the rest part of the crystals were chosen to evaluate of the mounting effect on the seed crystal growth. To measure the values of L0, L1 and L2 in Eq. 10, one image of each image pairs was chosen with Image-Pro Plus software being applied. The calculated values are shown in Figure 11 in the form of growth rate ratio vs. temperature and growth rate ratio vs.
supersaturation. The growth rate ratio data are all below 1.0 but fluctuate from 0.1 to 0.9, demonstrating that the mounting of crystal holder did put a drag on the growth of the mounted crystal face. However, the extent of growth rate slowing down was not constant for different batch experiments.
Average growth rate ratio against temperature and relative supersaturation were calculated and fitted as follows (also shown in Figure 11 )
As a pure mathematical fitting, these fits do not provide any insight into the mechanism of the mounting process and hydrodynamic influence on the growth rate ratio . As long as the R-square value is satisfactory and be sure not to be over-fitted, they are treated as good fits.
As for the two faces, which are equivalent in hydrodynamic conditions and unrelated to the mounting process, their growth rate ratio is close to 1.0 in most cases. But it is difficult to confirm whether the growth rate ratio of faces is close to 1.0, because the inequality of growth in faces cannot be obtained from the current photographic direction. So it is not presented here.
The influence of seed crystal size on the effect of crystal mounting was also studied, but no clear correlation between them was found. Every average growth rate ratio was the average of several values. So the tendency in the average growth rate ratio data ( Figure 11 ) could not be a coincidence.
Except for the randomness brought in by experimental operation, i.e. the contact area difference and other batch differences of experiments with the same configuration, the growth rate ratio of a batch experiment was decided by the solution temperature, relative supersaturation and the hydrodynamic conditions. Further study has to be conducted in order to get the mechanism of the mounting and hydrodynamic effect on the growth rate ratio.
Effect of Seed Crystal Size
Of the batch experiments with identical configuration, growth rates of three individual crystal faces oscillated randomly with seed crystal size. However, no clear correlation between them has been found. Considering the disperse nature of crystal growth rate, the growth rates at current experimental configuration are independent of the dimensions of the original seed crystals, within the size range studied.
Effect of Solution Velocity
Batch experiments at solution velocities ranging from 0.1031 to 0.4088 cm/s, which correspond Experimental Growth Rate Typically, crystal growth rates of all faces increased along with the supersaturation at low supersaturations (head part) until a short decrease or scattering process changed the trend (scattering part), but the increasing tendency recurred thereafter (tail part). At the head part of G-curves, growth rates decreased with the increase of solution temperature below 308.15 K, but the dependence became scattered for the scattering part and the tail part, also for the G-curves at temperature above 308.15
K. Error bars of the data points of G-curves appeared to be shorter at both ends, i.e. head and tail parts, than the central scattering part at medium supersaturation.
Although growth kinetics of NaNO3 can be derived from Figure 13 , it seems that a single growth mechanism is inadequate due to the scattered dependence of the growth rates on supersaturation and solution temperature. In fact, a compound growth kinetic may be able to explicate all these aforementioned phenomena.
Comparison with Growth Rate Data from Literature
Growth rates of the NaNO3 (104) face at 298.15 K, 303.15 K and 313.15 K were compared with the growth rate data from literature and shown in Figure 14 with logarithmic coordinates. The experimental details of the literature are listed in Table 3 . Our data agrees well with Treivus 49 and
Oosterhof et al. 50 in both temperature and supersaturation levels, which also experienced oscillations of crystal growth rates but without agitation. Benages-Vilau et al. 26 also glued the seed crystal on a sample holder with roughly the same solution velocity. The growth rate data obtained is coincident with this study in magnitude, but the supersaturation range studied is below 0.01. The interesting part is that the growth rate was measured with different (104) face orientations, which were perpendicular and parallel to the solution flow, respectively, and the former is generally lager than the latter by 10-30%. The growth rate of Rossiter 51 is 5~10 times of this study at the same supersaturation level and with slightly growth rate oscillations. Part of the reason is that Rossiter defined the growth rate of NaNO3 to be the gradient of early linear part of the characteristic dimension (CD) vs. time, where the CD is the square root of the area of {104} face. Growth rate under this definition is close to (but not exactly) the geometrical average face specific growth rate of {-114} and {0-14} faces. Furthermore, the measured NaNO3 crystal faces were not strictly parallel to the image plane of the microscope. But it is worth noting that the growth rate increases at first but gradually decelerated to a constant level after about 30 minutes in her study. The deceleration in growth was attributed to growth cell design in which the solution was stagnant, hence unable to maintain constant liquor composition, so the supersaturation decreased overtime. In fact, Rossiter's failure in keeping constant supersaturation might due to the very small amount of solution used (20g), which could be easily influenced by extra nucleation.
A fact needs to be noticed is that growth rate generally increases with the rise of temperature in literature data ( Figure 14) . While in our study, growth rate reduces at temperatures below 308.15K at the head part of G-isotherm, and then the G-isotherms interlaced with each other in the scattering and tail parts and the rest temperature range. Though the crossover between G-isotherms can be caused by mechanism competition, hence resulting in a disordered growth rates dependence on temperature, the growth decrease with the increase of temperature at the first stage may also be caused by impurities which could be induced during the crystal mounting process. Impurity caused growth rates divergence can be found in literature. [52] [53] [54] [55] But to confirm this hypothesis, further experiment needs to be conducted.
Monitoring the Growth of a KH2PO4 (KDP) Single Crystal
A second case study is monitoring the growth of a KH2PO4 (KDP) single crystal in an aqueous solution. Here the focus is not on the method of mounting the seed crystal by adhesive since it has been reported previously in numerous studies [16] [17] [18] 56 . Rather it is on the capability of the proposed system on measuring crystal growth kinetics. KDP finds widespread applications in laser as a frequency doubler and has been studied in great detail. 57 Figure 15 is the diagrammatic form of the natural morphology of KDP crystal, a combination of a tetragonal prism and a tetragonal bipyramid, the angles between two crystallographic independent faces (the prismatic {100} faces and pyramidal {101} faces ) are 45 o . 13 The normal distance from the crystal center to each individual crystal face can be calculated as follows.
(10A)
Unlike for NaNO3, in this case study, the temperature and concentration profiles were not strictly to extract face specific growth rates using aforementioned methodology.
A sequence of image pairs of the seed crystal is shown in Figure 16 . Figure where t is time (h). The face specific growth rates of the two crystal faces ((100) and (101) faces), i.e.
the slope of the linear fitting, are 13.56 and 118.03 m/h, respectively. This agrees with the observation of the 3D imaging system in Figure 16 that the KDP seed crystal elongated in the normal direction of pyramidal face (101), but barely grew in the normal direction of prismatic face (100).
Conclusions
An instrument for direct measurement of face specific growth kinetics of growing crystals is developed. It is based on 3D on-line imaging and real-time measurement of solution concentration using ATR -FTIR. The device is applied to crystallization of NaNO3, the face specific growth rates of all three independent crystal faces were obtained simultaneously. The solution circulation system driven by a peristaltic pump allows a NaNO3 seed crystal glued on a nichrome wire and placed in a transparent flowcell to grow at homogeneous solution conditions. Growth rates obtained in this study agreed well with the literature data. Application of the instrument to monitoring the growth of a potassium dihydrogen phosphate (KDP) crystal demonstrates it capability in handling crystals with different morphologies.
The face specific growth kinetic models of crystals obtained can be integrated with a morphological population balance model 4 to simulate the morphology evolution for a population of crystals, i.e. the so-called crystal shape distribution 3 . This system can also be applied to study the crystal growth behavior in different solvents and the impact of impurities and crystal growth modifiers.
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